Summary. The preparation of a purified fraction of ram sperm plasma membranes is described and validated in this paper. Lipid analyses were performed on both the membrane preparation and whole spermatozoa; the main differences were that plasma membranes showed a significantly higher cholesterol :phospholipid molar ratio and a higher sphingomyelin content than did whole spermatozoa, but a lower proportional content of phosphatidylethanolamine. Enzymic assays revealed the presence of two distinct adenosine triphosphatases (ATPases) in the membrane fraction, activated independently by calcium and sodium ions. Arrhenius plots of the calcium-stimulated ATPase activity demonstrated that a change in energy of activation occurred in the region of 23\s=deg\C; it is believed that this is evidence for the occurrence of a thermal phase transition in the lipid environment of the enzyme molecules.
Introduction
Comparative studies into methods of semen preservation by chilling and freezing in the presence of cryoprotective substances have shown that the success of these procedures is markedly species dependent. Therefore, whilst the cryopreservation of bovine spermatozoa has become a routine process on a commercial scale, similar exploitation of semen preservation techniques has not been possible with other domestic species.
The reasons that determine this differential susceptibility of spermatozoa to cooling and freez¬ ing are poorly understood, but and Darin-Bennett & White (1977) suggested that differences in the sperm-lipid content were in some way related to the extent of coldshock damage sustained by spermatozoa. In particular, it was proposed that two ratios, cholesterol :phospholipid and unsaturated : saturated fatty acids, were important determinants. Empirically it was observed that spermatozoa with approximately equal proportions of cholesterol and phospholipid, for example, human and monkey, were less susceptible to cold shock than those containing proportionately lower amounts of cholesterol, i.e. bull, ram and boar. Similarly, spermatozoa from species in which the unsaturated saturated fatty acid ratio was approximately 3 :1, i.e bull, ram and boar, were more susceptible to cold shock than those of man or monkey, in which the equivalent ratio was nearer to unity.
As most sperm lipids are incorporated into various types of membrane structures, these results suggest that differences in membrane lipid composition between species are probably responsible for the differential labilities during storage. For example, the variations in lipid composition would probably lead to diversity in biophysical properties such as membrane fluidity.
More detailed investigation of the possible relationships outlined above, together with the ap¬ plication of biophysical probes of sperm plasma membrane properties, has been hampered by the difficulties encountered in the isolation of particular membrane fractions. A relatively simple pro¬ cedure for the removal and isolation of sufficiently large quantities of membrane fraction to permit experimentation and Quinn, 1981) and may also be determining factors in the susceptibility of spermatozoa to coldinduced damage.
Materials and Methods

Membrane preparation
Semen was obtained from Finnish-Landrace rams by the use of an artificial vagina, and the ejaculates from 3 or 4 animals were pooled for the preparation of membranes.
After pooling, the semen (approximately 4 ml) was divided into four equal aliquots and washed through ficoll columns to remove the seminal plasma and most of the cytoplasmic droplets, using the method described by Harrison (1976) . The washed spermatozoa were then resuspended in a Hepes-sucrose buffer, pH 7-4 (Hepes 20 mM, glucose 10 mM, Na2HP04 2 mM, MgCl2 4 mM, KOH 2-5 m, NaOH 2-5 mM, sucrose 200 mM, NaCl 14 mM, bovine serum albumin 1 mg/ml), and centri¬ fuged a second time (500g, 10 min). Before the second centrifugation step 250 pg trypsin inhibitor (soybean, type i-s, Sigma Chemical Company, Poole, U.K.) was added to each aliquot, as 100 µ of a 2-5 mg/ml solution in water.
After the second centrifugation the spermatozoa were pooled once more in a total volume of about 6 ml. A further 250 pg trypsin inhibitor were added and the cell suspension was maintained in ice until required. A Silverson laboratory mixer equipped with a 'micro' head to provide the neces¬ sary shearing action was used to disrupt the spermatozoa. The cells were subjected to 25 sec homogenization using half maximal speed, and they were maintained in ice throughout the procedure.
Discontinuous sucrose density gradients were used to isolate the plasma membrane fraction; these consisted of 2 ml layers of 50%, 40% and 30% sucrose in 10 ml polycarbonate centrifuge tubes. Approximately 2 ml of the disrupted sperm suspension was placed at the top of each density gradi¬ ent, followed by centrifugation at 68 000 g for 1-5 h in an MSE 3 25 ml swing-out rotor. Mem¬ brane fractions were removed from the gradients using hand-held Pasteur pipettes.
Lipid extraction
The solvents used for the lipid extraction procedures contained 0-001% butylated hydroxytoluene as an antioxidant.
Whole spermatozoa. Approximately 1 ml ram semen was washed twice, using a ficoll column fol¬ lowed by a Hepes-sucrose buffer, as described above. The spermatozoa were centrifuged to form a pellet, then lipids were extracted using chloroform and methanol (2 :1 v/v) as described by Christie (1973) . The combined filtrates obtained from the extraction procedure were further purified by washing with saline (Folch, Lees & Sloane-Stanley, 1957) ; after being allowed to separate overnight at 5CC, the lower phase containing the lipids was removed and concentrated by evaporation under reduced pressure. The lipids were then redissolved in a small quantity of chloroform and stored under nitrogen at -20°C until required. Plasma membrane fraction. Aliquants of the plasma membrane fraction (band 2), containing~1 mg protein, were ultracentrifuged. The membrane pellet was removed from the tube with 3-5 ml methanol, then 7 ml chloroform were added. The saline washing procedure was then carried out, and the lipids were collected and concentrated as described above.
Separation ofphospholipid classes by thin-layer chromatography (t.l.c.) The lipid extracts obtained from whole spermatozoa or membrane fractions were separated using 10 10 cm high performance t.l.c. plates coated with silica gel (Nano-DC plates ; Schleicher and Schüll, Dassel, FRG). The lipid extracts were applied as 1-5 cm bands, then developed in one dimension using chloroform : methanol : water (60 :30 :4 by vol.) (Williams, Davidson, Stevens & Crawford, 1977) as the solvent system. Upon completion of development the lipid bands were located using iodine vapour.
Identification of the unknown lipid bands was accomplished by comparison of their mobilities with authentic reference phospholipids. The standard compounds, phosphatidylcholine, phosphatidylethanolamine, sphingomyelin, phosphatidylinositol and phosphatidylserine were purchased from Sigma; samples of cardiolipin were purchased from Sigma and from Applied Sciences Ltd (PA, U.S.A).
In addition, specific spray reagents were used for phospholipid identification. Molybdenum blue reagent (Sigma) was used to distinguish phosphorus-containing compounds; amino lipids, i.e. phosphatidylethanolamine and phosphatidylserine, were distinguished by the use of ninhydrin, and choline-containing lipids, i.e. choline phosphoglycerides and sphingomyelin, were detected using Dragendorff s reagent (Christie, 1973) .
Analytical methods
Phospholipids were estimated by measurement of their phosphorus content. Bands of silica gel containing individual lipids were scraped from the t.l.c. plate into glass tubes. Lipid decomposition was then achieved using the method described by Bartlett (1959) . After completion of the digestion procedure 3 ml distilled water were added to each glass tube, and the silica gel was sedimented by centrifugation. Phosphorus content within the supernatant fluid was then assayed using a colorimetrie procedure (kit supplied by Sigma) based on the Fiske & SubbaRow (1925) technique.
Phosphorus content of unfractionated lipid extracts was estimated using the procedures described above ; parallel cholesterol assays, for the detection of free and esterified cholesterol, were also performed using a ferric chloride technique (Rudel & Morris, 1973) , and the results were used to calculate cholesterol : phospholipid molar ratios.
Electron microscopy
For morphological studies the three membrane fractions were pelleted by further ultracentrifugation, then fixed for electron microscopy in a solution containing picric acid, formaldehyde and glutaraldehyde (Jones, 1973) . Samples of the cellular debris were also fixed in this solution. After fixation, the membrane pellets and the debris were washed in sucrose/cacodylate buffer (Jones, 1973) , osmicated in a 1:1 mixture of 2% osmium tetroxide and 3% potassium ferrocyanide (Russell & Burguet, 1977) , dehydrated using ethanol and embedded in araldite. Sections were either mount¬ ed on copper grids and stained in uranyl acetate and lead citrate (Venable & Coggeshall, 1965) , or mounted on gold grids and stained with 4% phosphotungstic acid (PTA).
In some separate experiments, the membranes and cellular debris were rapidly dehydrated in ascending grades of acetone, and then embedded in epon. Sections were mounted on gold grids, and stained using the chromic acid-PTA technique described by Clegg, Morré & Lunstra (1975) .
Enzyme assays
Total protein was assayed using a modification of the Lowry procedure (microprotein determination kit Sigma) and inorganic phosphate was measured as described above.
Alkaline phosphatase activity was determined by measuring the hydrolysis of p-nitrophenol phosphate (kit supplied by Sigma). 5'-Nucleotidase activity was determined by measuring the amount of phosphate released after incubating 25-50 pg membrane protein at 37°C in 1 ml 50 mMTris buffer (pH 7-4) containing 2 mM-adenosine monophosphate and 5 mM-MgCl2. The reaction was stopped by the addition of ice-cold trichloroacetic acid.
ATPase in the membrane fraction was assayed using the procedure described above for 5'-nucleotidase, except that 2 mM-adenosine triphosphate was included as the substrate (Rottem, Yashouv, Ne'eman & Razin, 1973) . The effects of sodium, potassium, magnesium and calcium ions upon ATPase activities were examined in a series of experiments (see Table 1 ); the results were analysed using the non-parametric Kruskal-Wallis analysis of variance (Conover, 1980) .
Contamination of the membrane fraction by mitochondrial enzymes was assessed by measurement of succinate-cytochrome C reducíase activity, as described by Ivanov & Profirov (1981 In a separate series of measurements, electron micrographs of the cellular debris deposited during ultracentrifugation were examined by image analysis to determine the proportion of the available plasma membrane isolated by these procedures. The following procedure was used.
(a) The total length of sperm surface available, irrespective of the presence or absence of plasma membrane, was determined for each of 12 electron micrographs (original magnification 5000, enlarged 2-5). This was measured by outlining the perimeter of each feature with the pen of the graphics tablet and 40-60 individual features were measured on each micrograph.
(b) The total length of retained plasma membrane for each feature, together with the perimeters of the plasma membrane vesicles scattered amongst these sperm structures, were then measured in a similar way.
A simple ratio 'length of plasma membrane/length of available surface' was then calculated. A similar series of measurements was performed in which the extent of acrosomal membrane disruption was examined. Sagittal sections through 25 acrosomes were examined; the total length of acrosomal membrane present, and bounding structurally intact regions of the acrosomal matrix, was measured using the graphics tablet. The outlines of this same series of acrosomes were then traced onto paper, and regions of missing membrane were drawn in by hand; the total perimeter PLATE 1 Fig. 1 Figure 2 shows non-osmicated spermatozoa stained with 4% aqueous PTA. Sagittal sec¬ tions of sperm heads are shown in both figures, and it is apparent from the conventionally stained preparation (Fig. 3) that most of the acrosomes have remained intact. This is confirmed in Fig. 2 , in which PTA-positive material lines the inner acrosomal membrane (arrows) as in in¬ tact spermatozoa. Fig. 2, 20 000; Fig. 3, x 15 750. length of these artificially completed profiles was next measured to obtain a value representative of the maximum possible acrosomal membrane length.
A ratio of these two lengths, 'acrosomal membrane present : maximum possible acrosomal membrane length', was then calculated as an indicator of the proportion of acrosomal membrane remaining intact after the disruption and centrifugation steps.
Results
Morphological aspects
Membrane fractions were isolated at each of the three interfaces within the sucrose gradients. The band situated above the 30% sucrose layer (band 1) contained the least membrane, although vesicles were observed by electron microscopy.
The major membrane fraction (band 2) was isolated at the 40/30% sucrose interface. Most of the membrane observed by electron microscopy was in the form of smooth, empty, round or oval vesicles (mean radius 97 ± 4-6 nm (s.e.m.), which were free of adherent material (PI. 1, Fig. 1) .
The membrane fraction which separated into the 50/40% sucrose interface (band 3) also con¬ tained round or oval vesicles. Their mean radius (± s.e.m.) of 102 + 6-0 nm was not significantly different from that of the band 2 vesicles. Sheets of membrane were also occasionally observed, together with flattened vesicles and some particulate matter. Vesicles containing flocculent material were also apparent as a minor component of this fraction.
Mean protein concentrations (± s.e.m.) for four different preparations of bands 2 and 3 were 0-438 ± 0-076 mg/ml and 0-227 ± 0-05 mg/ml respectively. Protein determinations were not per¬ formed on band 1 because of the presence of exogenous bovine serum albumin in the original sample.
The cellular debris deposited at the bottom of the sucrose gradients during centrifugation (PI. 1, Fig. 3 (Holt, 1979) Enzyme assays The membrane fraction recovered in band 2 showed both alkaline phosphatase (101 ± 1-74 (s.e.m.) µ -Pi/mg protein/h) and 5'-nucleotidase activities (0-27 ± 0-09 (s.e.m.) µ -Pi/mg protein/h). Succinate-cytochrome C reductase activity in this membrane fraction was negligible.
ions to the incubation mixtures caused significant increases in enzyme activity compared with treatments lacking added ions, or containing magnesium only (P < 0-025 for both). These results, which were analysed by a one-way analysis of variance and by the use of t tests, showed that the isolated membrane fraction contained a significantly higher proportion of sphingomyelin than was present in the whole sperm lipid extract (P < 0005), but conversely, a significantly lower proportion of phosphatidylethanolamine (P < 0025).
Estimates of the cholesterol/phospholipid molar ratios for whole spermatozoa and isolated membranes are shown in Table 2 . The plasma membrane fraction possessed a significantly higher cholesterol content than the whole sperm lipid extract (P < 0-01). (Holt, 1979) . PTA-posi¬ tive material occurred, however, in association with the acrosomal membranes of spermatozoa within the cellular debris, indicating the retention of most of the outer acrosomal membrane within this fraction.
The membrane fraction recovered from band 2 in the present study was morphologically the most homogeneous, and was also the most concentrated both in terms of membrane yield and pro¬ tein concentration. This fraction was therefore regarded as the most useful, and was used both for the enzyme determinations presented here and for the lipid analyses. The differences between this and the other major fraction (band 3) may be of potential interest, however, since it is believed that they both represent plasma membrane fractions. The separation of surface membranes into bands of two different densities was the subject of comment by Glick (1976) , who argued that they might represent regions of different protein and glycoprotein composition ; such membrane may be iso¬ lated from different regions of the sperm surface.
The patterns of enzyme activity reported in this paper agree in general with previous results. Ivanov & Profirov (1981) reported the presence of a magnesium-stimulated sodium/potassium ATPase in the ram sperm plasma membrane, whilst Bradley & Forrester (1980a, b) and Breitbart, Stern & Rubinstein (1983) have described calcium-stimulated ATPase. According to Bradley & Forrester (1980a) the calcium-stimulated ATPase is found in the sperm tail, a finding confirmed for bovine spermatozoa by Vijayasarathy & Balaram (1982) , who reported a ratio of 40/3 for the activi¬ ties of this enzyme in sperm tails and heads respectively.
Whilst the specific activities reported here for the ATPases under various conditions are com¬ parable to those in other studies, the alkaline phosphatase activity was 5-fold higher than that re¬ ported by Ivanov & Profirov (1981) , and the 5'-nucleotidase activity was about 30-fold lower. The reasons for these differences are unclear, although they may reflect differences in incubation conditions.
The observation that the molar ratio of cholesterol to phospholipid of the ram sperm plasma membrane was in the region of 85% is in keeping with estimates for plasma membranes from other sources (for reviews, see Glick, 1976;  Thompson, 1980) . The lower ratio (59%) obtained for lipid extracts from whole spermatozoa is somewhat higher than the figure of 38% previously reported by Darin-Bennett & White (1977) , obtained by the same assay procedure, but emphasizes that analysis of the whole spermatozoon consistently underestimates the sterol content. Rabbit and human spermatozoa, therefore, with whole sperm cholesterol : phospholipid ratios of 88% and 99% (DarinBennett & White, 1977) , respectively, might possess plasma membranes with unusually high concentrations of sterol. Comparative studies of sperm membrane composition might therefore be especially profitable, both from a physiological viewpoint and in relation to stability during ther¬ mal and osmotic stress, bearing in mind that cholesterol is an effective modulator of membrane fluidity, and hence also stability.
The examination of thermal phase-transition behaviour in the isolated membrane fraction by the measurement of enzyme activity at various temperatures is a well established procedure which has been applied to a number of systems in animals, micro-organisms and plants (for reviews, see Kimelberg, 1977; Quinn, 1981 ; Chapman, 1982 Scott (1973) and Darin-Bennett, Poulos & White (1976) . However, the differences in phospholipid composition between whole spermatozoa and isolated plasma membranes are difficult to interpret at this stage, although the importance may become clearer through comparative studies. The heterogeneity of the sperm membrane system demands, however, that studies using precise methods of localizing these lipids are required before their im¬ portance can be considered. Nevertheless, in a comparison of lymphoid cells and their respective plasma membranes, higher levels of sphingomyelin, and lower levels of phosphatidylethanolamine, were found amongst the membrane lipids (Koizumi et al, 1981) , as reported in the present study. Such differences may therefore be characteristic of this type of comparison.
A small (2-6%) amount of cardiolipin was detected amongst the phospholipids of the plasma membrane fraction. Although this lipid occurs predominantly within mitochondria, it has been re¬ ported to be a minor plasma membrane component of a variety of cells (Ioannou & Golding, 1979) . Bearer & Friend (1982) 
